Odor and Odorous Chemical Emissions from Animal Buildings: Part 5. Simultaneous Chemical and Sensory Analysis with Gas Chromatography-Mass Spectrometry-Olfactometry by Zhang, Shicheng et al.
Agricultural and Biosystems Engineering
Publications Agricultural and Biosystems Engineering
2015
Odor and Odorous Chemical Emissions from
Animal Buildings: Part 5. Simultaneous Chemical
and Sensory Analysis with Gas Chromatography-
Mass Spectrometry-Olfactometry
Shicheng Zhang
Fudan University
Jacek A. Koziel
Iowa State University, koziel@iastate.edu
Lingshuang Cai
DuPont Crop Protection
Steven J. Hoff
Iowa State University, hoffer@iastate.edu
Katie Y. Heathcote
Iowa State University
See next page for additional authors
Follow this and additional works at: http://lib.dr.iastate.edu/abe_eng_pubs
Part of the Agriculture Commons, and the Bioresource and Agricultural Engineering Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
abe_eng_pubs/732. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Agricultural and Biosystems Engineering at Iowa State University Digital Repository. It
has been accepted for inclusion in Agricultural and Biosystems Engineering Publications by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Odor and Odorous Chemical Emissions from Animal Buildings: Part 5.
Simultaneous Chemical and Sensory Analysis with Gas Chromatography-
Mass Spectrometry-Olfactometry
Abstract
Simultaneous chemical and sensory analyses using gas chromatography-mass spectrometry-olfactometry
(GC-MS-O) for air samples collected at barn exhaust fans were used for quantification and ranking of the
odor impacts of target odorous gases. Fifteen target odorous VOCs (odorants) were selected. Air samples
were collected at dairy barns in Wisconsin and Indiana and at swine barns in Iowa and Indiana over a one-year
period. The livestock facilities with these barns participated in the National Air Emissions Monitoring Study
(NAEMS). Gas concentrations, odor character and intensity, hedonic tone, and odor peak area of the target
odorants in air samples were measured simultaneously with GC-MS-O. The four individual odorants emitted
from both dairy and swine sites with the largest odor impacts (measured as odor activity value, OAV) were
4-methyl phenol, butanoic acid, 3-methyl butanoic acid, and indole. The total odor (limited to target VOCs
and referred to as the measured concentrations, odor intensities, and OAVs) emitted from the swine sites was
generally greater than that from the dairy sites. The Weber-Fechner law was used to correlate measured odor
intensities with chemical concentrations. Odorants with higher mean OAV followed the Weber-Fechner law
much better than odorants with lower mean OAV. The correlations between odor intensities and chemical
concentrations were much better for the swine sites (typically p < 0.05 and R2 = 0.16 to 0.51) than for the
dairy sites (typically p > 0.05 and R2 < 0.15). Linking specific gases to odor could assist in the development
and evaluation of odor mitigation technologies for solving livestock odor nuisance problems.
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ODOR AND ODOROUS CHEMICAL EMISSIONS 
FROM ANIMAL BUILDINGS: PART 5. 
SIMULTANEOUS CHEMICAL AND SENSORY 
ANALYSIS WITH GAS CHROMATOGRAPHY-
MASS SPECTROMETRY-OLFACTOMETRY 
S. Zhang,  J. A. Koziel,  L. Cai,  S. J. Hoff,  K. Y. Heathcote,  L. Chen,  
L. D. Jacobson,  N. Akdeniz,  B. P. Hetchler,  D. B. Parker,  
E. A. Caraway,  A. J. Heber,  S. D. Bereznicki 
 
ABSTRACT. Simultaneous chemical and sensory analyses using gas chromatography-mass spectrometry-olfactometry 
(GC-MS-O) for air samples collected at barn exhaust fans were used for quantification and ranking of the odor impacts of 
target odorous gases. Fifteen target odorous VOCs (odorants) were selected. Air samples were collected at dairy barns in 
Wisconsin and Indiana and at swine barns in Iowa and Indiana over a one-year period. The livestock facilities with these 
barns participated in the National Air Emissions Monitoring Study (NAEMS). Gas concentrations, odor character and 
intensity, hedonic tone, and odor peak area of the target odorants in air samples were measured simultaneously with GC-
MS-O. The four individual odorants emitted from both dairy and swine sites with the largest odor impacts (measured as 
odor activity value, OAV) were 4-methyl phenol, butanoic acid, 3-methyl butanoic acid, and indole. The total odor (lim-
ited to target VOCs and referred to as the measured concentrations, odor intensities, and OAVs) emitted from the swine 
sites was generally greater than that from the dairy sites. The Weber-Fechner law was used to correlate measured odor 
intensities with chemical concentrations. Odorants with higher mean OAV followed the Weber-Fechner law much better 
than odorants with lower mean OAV. The correlations between odor intensities and chemical concentrations were much 
better for the swine sites (typically p < 0.05 and R2 = 0.16 to 0.51) than for the dairy sites (typically p > 0.05 and R2 < 
0.15). Linking specific gases to odor could assist in the 
development and evaluation of odor mitigation technolo-
gies for solving livestock odor nuisance problems. 
Keywords. Air quality, Animal feeding operations, Gas 
chromatography, Mass spectrometry, Odor, Olfactometry, 
Weber-Fechner law. 
arger and more concentrated livestock operations 
can lead to more frequent complaints of odor 
nuisance by surrounding communities. Some 
authors (Schiffman, 1998; Schiffman et al., 
2005a, 2005b; Wing et al., 2008a, 2008b) have even sug-
gested that odorants have potential environmental and 
health effects. Because of continuing concerns about live-
stock odor, there is an urgent need to determine levels of 
odor emission from livestock facilities. Presently, two gen-
eral approaches are used to measure odor: indirectly by 
measuring individual gas concentrations in a gas mixture or 
directly by using human sensory methods such as olfac-
tometry (Jacobson et al., 2008). The U.S. EPA has estab-
lished several standards for measuring individual gas con-
centrations in air, such as TO-15 sampling in specially pre-
pared whole air canisters and TO-17 sampling with sorbent 
tubes (EPA, 1999a, 1999b). More recently, Trabue et al. 
(2008) described a field sampling method for quantifying 
odorants in humid environments using sorbent tubes and 
thermal desorption gas chromatography-mass spectrometry 
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(GC-MS). Dynamic forced-choice olfactometry is a stand-
ard method (Akdeniz et al., 2012a, 2012b) for quantifying 
total odor that relies on collecting air sample in inert bags 
for subsequent evaluation by panelists. Jacobson et al. 
(2008) described standard protocols for sampling and 
measuring odor emissions from livestock buildings using 
dynamic forced-choice olfactometry. Both approaches (di-
rect and indirect) have strengths and weaknesses. Regula-
tions based only on gas concentrations may reduce emis-
sions of specific gases but not adequately address the odor 
sensed by people downwind from a source (Jacobson et al., 
2008). Dynamic forced-choice olfactometry does not iden-
tify individual odorants that might be important to nui-
sance, health effects, and/or overall odor mitigation. Devel-
oping methods that link concentrations of individual gases 
with odor perception characteristics could be beneficial for 
scientists in determining potential health risks associated 
with livestock odor and for state and local regulatory agen-
cies to enact science-based air standards that more ade-
quately address odor issues. 
Combining state-of-the art chemical and sensory anal-
yses in the context of livestock odor was reported by Zhang 
et al. (2010). The method was developed to simultaneously 
analyze livestock air samples collected with sorbent tubes 
and GC-MS olfactometry (GC-MS-O). Method detection 
limits of GC-MS-O ranged from 0.02 to 3.46 μg m-3 (7 ppt 
to 1.46 ppb) for the 15 target odorants, i.e., significantly 
lower than the odor detection thresholds (ODTs), which are 
defined as the lowest mass concentration that is detectable 
by an average person. GC-MS-O offers the advantages of 
complementing sensory assessments with identification and 
quantification of individual odorants. This technique is 
used by the consumer product, flavor, and fragrance indus-
tries to identify odorants in complex natural mixtures from 
plants, fruits, foods, and product formulations (Zellner et 
al., 2008; Plutowska et al., 2008). Gallagher et al. (2008) 
proved that the combined use of GC-MS and GC-O is an 
effective methodology for analyzing the chemical composi-
tion of paint volatiles along with their sensory characteris-
tics and holds promise for solving many indoor odor prob-
lems. Some researchers have reported using this method for 
identification of odorants from swine facilities (Koziel et 
al. 2006; Bulliner et al., 2006; Cai et al., 2006; Keener et al. 
2002; Oehrl et al. 2001). Rabaud et al. (2002) used thermal 
desorption GC-MS-O to identify and quantify dairy farm 
odorants. To date, limited research exists on simultaneous 
chemical and sensory analyses of livestock odorants (Zahn 
et al., 2001a, 2001b; Zhang et al., 2010). Additionally, 
quantifying odor emissions from animal agriculture is a 
complex process, and few researchers and engineers have 
taken on the difficult task (Jacobson et al., 2008). 
This study was funded by the USDA National Research 
Initiative and supplemented the National Air Emission 
Monitoring Study (NAEMS) with comprehensive meas-
urements of odor emissions and chemical analyses of odor-
ants from four NAEMS animal production sites, including 
two swine and two dairy sites. Prior studies on prioritiza-
tion of livestock odorants (Wright et al., 2005; Koziel et al., 
2006; Bulliner et al., 2006) served as guides to limit the 
scope of this work to volatile fatty acids (VFAs) and phe-
nolics, i.e., a total of 15 odorants. Later, additional sulfur-
containing VOCs (SVOCs) were added to the quantifica-
tion method (Cai et al., 2015). However, SVOCs were not 
analyzed due to the limited available data. 
In this work, we build on the previous work (Koziel et 
al., 2006; Bulliner et al., 2006; Lo et al., 2008; Zhang et al., 
2010) and apply the same method and concept of simulta-
neous chemical and sensory analyses to gas samples col-
lected from four livestock facilities (two dairy barns in 
Wisconsin and Indiana and two swine barns in Iowa and 
Indiana) over a one-year period. The objectives of this 
study were to (1) further evaluate the validity of the GC-
MS-O method for simultaneous chemical and sensory anal-
yses of livestock odorants, (2) delineate the most signifi-
cant gases that contribute to relative odor impacts of live-
stock buildings, and (3) determine the correlations between 
measured odor intensities and chemical concentrations of 
15 target odorants. 
MATERIALS AND METHODS 
SAMPLE COLLECTION AND ANALYSES 
The detailed experimental procedures were described by 
Zhang et al. (2010) and in Parts 1, 2, 3, 4, and 6 of this se-
ries (Bereznicki et al., 2012; Akdeniz et al., 2012a, 2012b; 
Cai et al., 2015; Parker et al., 2012). Briefly, VOC samples 
were collected from November 2007 to April 2009 at the 
following four livestock facilities: dairy site WI5B in Wis-
consin (number of air sampling events n = 26), dairy site 
IN5B in Indiana (n = 26), sow farm IA4B in Iowa (n = 39), 
and swine finishing facility IN3B in Indiana (n = 26). Fif-
teen odorant compounds were targeted for quantification 
based on previous studies of odorants emitted from live-
stock facilities (Lo et al., 2008; Koziel et al., 2006; Bulliner 
et al., 2006; Cai et al., 2006; Keener et al., 2002; Oehrl et 
al., 2001). Sulfur VOCs were not quantified due to system 
limitations. Standard solutions for gas standards were pre-
pared by diluting standard stock solutions in methanol and 
were stored in the dark at 4°C. 
Simultaneously chemical and sensory analyses were per-
formed by using thermal desorption for air samples collect-
ed using Tenax-TA sorbent tubes and the GC-MS-O sys-
tem. Simultaneous chemical and sensory analyses were 
facilitated by VOC separation on the GC column, followed 
by an eluent split between two detectors: the mass selective 
detector (MSD) and the olfactory detection (sniff) port. 
Trained human panelists (one per sample) were used to 
sniff separated compounds simultaneously with chemical 
analyses (figs. 1 and 2). There was no replication of senso-
ry analyses. Concentrations of 15 odorants were quantified. 
Simultaneously, odor character, odor intensity (I, category 
scaling on a scale of 0% to 100%), odor duration (D, min; 
chromatography column retention time difference between 
the first detection of specific odor to no further detection by 
a panelist), odor peak area (I × D × 100, a surrogate meas-
ure of odor persistence at the sniff port), and hedonic tone 
(on a scale of -4 to 4) of individual compounds were meas-
ured and recorded during sample analysis with the GC-MS-
O system (Zhang et al., 2008, 2010). The measurement of 
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odor intensity at the GC-MS-O sniff point is different from 
the dilution-to-threshold method. The panelist uses a 0% to 
100% scale to assess and record the odor intensities of sep-
arated odorants as they elute from the GC column into the 
sniff port. The panelists are trained to apply the following 
seven levels of perceived odor intensity: (1) very faint odor 
or not sure if detected = 5%, (2) very faint odor detected = 
10%, (3) faint odor = 30%, (4) mild odor = 50%, (5) strong 
odor = 70%, (6) very strong odor = 90%, and (7) extreme 
non-tolerable odor, remove nose from the sniff port = 
100%. The odor peak area is the product of I × D × 100. 
For some compounds with longer odor durations, such as  
p-cresol, 4-ethylphenol, 2-aminoacetophenone, indole, and 
skatole (Zhang et al., 2008), odor intensity may be relative-
ly low yet the odor effect is large due to the longer dura-
tion. The odor peak area was used to characterize the total 
effect of individual odorants. 
CORRELATION BETWEEN ODOR INTENSITIES  
AND CHEMICAL CONCENTRATIONS 
Correlation and regression analyses were conducted to 
evaluate potential correlations between individual chemical 
concentrations and measured odor intensities recorded by 
trained panelists using GC-MS-O. Several models are used 
for fitting the relationship between odorant intensity and 
chemical concentration. According to the literature (Au-
douin et al., 2001; Zhang et al., 2010), the Weber-Fechner 
law is the best model for fitting the chemical concentrations 
and odor intensities measured with the category scaling 
method. In this study, the Weber-Fechner law was used 
(Audouin et al., 2001; Zhang et al., 2010): 
 I = m × logC + b (1) 
where I is the measured odor intensity (category scaling, 
0% to 100% by panelist at the sniff port), C is the measured 
chemical (VOC) concentration (μg m-3), m is a stimulus-
dependent constant that represents the slope of the linear 
function, and b is a stimulus-dependent constant that repre-
sents the y-axis intercept. Several assumptions were made 
in using the Weber-Fechner law (eq. 1). Mathematically, 
the VOC concentration should not be zero. Thus, the not-
quantifiable concentrations were not used. Secondly, the 
odor intensity was assumed to be equal to zero and inde-
pendent of the chemical concentration for cases where 
measured VOC concentrations were below their ODTs. 
Therefore, data pairs with VOC concentrations less than the 
odor detection limit and odor intensities equal to zero were 
not used, i.e., when both conditions were met (not just one 
of them), the pair of data was not used. All statistical anal-
yses were conducted using SPSS Statistics version 17.0 
(SPSS, 2007). 
ODOR ACTIVITY VALUES (OAV) 
The odor intensity for individual compounds is depend-
ent not only on the chemical concentration but also on the 
 
Figure 1. Simultaneous chemical and olfactometry analyses with thermal desorption multidimensional gas chromatography-mass spectrometry-
olfactometry (TD-MDGC-MS-O) system. 
TD Autosampler 
MDGC 
MSD 
Sniff port 
1352  TRANSACTIONS OF THE ASABE 
ODT, i.e., the lowest concentration in mass/volume units 
that is perceivable with the human sense of smell (Bi and 
Ennis, 1998). Each individual chemical has a different 
ODT, which is typically known for a small subset of odor-
ants. The odor activity value (OAV) is the ratio of the 
measured gas concentration to the ODT. The OAV concept 
was used to analyze the effects of chemical concentration 
and ODT on odor intensity. To date, OAV has been used in 
research related to livestock air quality (Trabue et al., 2008; 
Parker et al., 2012). Table 1 lists ODTs cited from Devos et 
(a) 
  
(b) 
Figure 2. Chromatograms and aromagrams of typical air samples taken from (a) swine barn IN3B and (b) dairy barn WI5B: 1 = acetic acid, 2 = 
propanoic acid, 3 = 2-methyl propanoic acid, 4 = butanoic acid, 5 = 3-methyl butanoic acid, 6 = pentanoic acid, 7 = hexanoic acid, 8 = 2-methoxy 
phenol, 9 = heptanoic acid, 10 = phenol, 11 = 4-methyl phenol, 12 = 4-ethyl phenol, 13 = 1-(2-aminophenyl) phenone, 14 = indole; and 15 = 3-
methyl-1H-indole. 
Aromagram
Aromagram
Chromatogram
Chromatogram
1 
2
3
4
5
6 7 
8
9
10
13
14 
15
12 
1
2
3 
4
5 7
6
8 9 12
11
10
13 14 15
11 
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al. (1990). The mean OAV was estimated as the mean 
measured concentration of the individual VOC divided by 
its ODT. The method of odor intensity (I) measurement 
using GC-MS-O was different from that in the literature 
citing olfactometry with whole air samples. The GC-MS-O 
method might be more sensitive in some cases. This is be-
cause panelists can detect odorants that were measured at 
concentrations below the odor detection limits due to the 
pre-concentration (enhancement) on the sorbent tubes dur-
ing air sampling. Therefore, it is reasonable that the con-
centrations of some compounds in the eluents were below 
the ODT while their OAVs were less than 1 (tables 1 to 3 
and fig. 3). Measured odor intensities were still reported. 
ODT values in the literature (Devos et al., 1990; AIHA, 
1989; Nagata, 2002) are also associated with uncertainties. 
RESULTS AND DISCUSSION 
CHEMICAL CONCENTRATIONS AND ODOR INTENSITIES 
The odor samples were analyzed for chemical concen-
trations, odor character, odor intensity, odor peak area, and 
hedonic tone simultaneously using GC-MS-O similarly to 
methods described by Koziel et al. (2006), Bulliner et al. 
(2006), Lo et al. (2008), and Zhang et al. (2008, 2010). 
Table 1 summarizes the measured VOC concentrations, 
odor character, odor intensity, odor peak area, and hedonic 
tone associated with the 15 target odorants in air samples 
collected at a swine site and a dairy site. Greater VOC con-
centrations and odor intensities were associated with swine 
operations compared with dairies (table 1). In addition, 
VFA concentrations were higher than phenolics at both 
swine and dairy operations. Measured hedonic tones ranged 
from -2 to -3 for all target compounds, confirming their 
unpleasant odor. A summary of the measured VOC concen-
trations and calculated emission rates is presented by Cai et 
al. (2015). Figure 3 summarizes the mean measured VOC 
concentrations, odor intensities, odor peak areas (product of 
measured odor duration D and odor intensity I), hedonic 
tones, and OAVs of air samples from all four sites. Chemi-
cal concentrations did not have an apparent proportionality 
correlation with odor intensity, odor peak area, or hedonic 
tone. For example, the top three dairy VOCs with the high-
est concentrations were acetic acid, propanoic acid, and 
butanoic acid (fig. 3a). However, the mean odor intensities 
of these three VOCs were not in the top three (fig. 3b), 
most likely because they were coupled with relative high 
ODTs (table 1), which offset the impacts described by their 
OAVs. Measured odor intensity and OAV may be more 
suitable than chemical concentration for representing hu-
man responses to swine or dairy sites. The VOCs that were 
consistently associated with greater odor intensity (fig. 3b) 
at dairy sites were acetic acid, butanoic acid, 3-methyl bu-
tanoic acid, and 2-methoxy phenol. The VOCs that were 
consistently associated with greater odor intensity (fig. 3b) 
at swine sites were butanoic acid, 3-methyl butanoic acid, 
pentanoic acid, 2-methoxy phenol, and 4-methyl phenol. 
These VOCs are responsible for the characteristic odor of 
livestock operations. 
Our previous work showed that the recorded odor dura-
tion D (i.e., the time span in the aromagram during which 
odor was detected at the sniff port) increased with the in-
crease in GC column retention time (Zhang et al., 2010). 
Thus, the compounds with greater GC column retention 
time and therefore also greater molecular weight and lower 
vapor pressure, such as 2-methoxy phenol, heptanoic acid, 
phenol, 4-methyl phenol, 4-ethyl phenol, 1-(2-
aminophenyl) phenone, indole, and 3-methyl-1H-indole, 
tended to be more persistent odorants and “linger” at the 
sniff port longer (Zhang et al., 2010). This was likely due to 
vapor condensation occurring immediately after elution 
from the heat-traced sniff port into the cooler glass cone, 
the air, and the nose of the panelist. This phenomenon is 
 
Table 1. Chemical and sensory analyses of target odorants for typical samples from a swine site and a dairy site.[a] 
Odorant[b] 
ODT 
(μg m-3) Odor Character 
Swine Site IN3B 
x 
Dairy Site WI5B 
Odor 
Conc. 
(μg m-3) 
Odor 
I 
(%) 
Odor 
Peak Area 
(I×D×100) 
Hedonic 
Tone 
Odor 
Conc. 
(μg m-3) 
Odor 
I 
(%) 
Odor 
Peak Area 
(I×D×100) 
Hedonic 
Tone 
AA 343 Acidic 109 50 848 -2  67.3 50 599 -2 
PPA 104 Fatty acid, body odor 147 60 1020 -2  17.9 40 478 -2 
MPA 67.8 Fatty acid, body odor 19.1 50 948 -2  1.12 50 1050 -2 
BA 13.5 Body odor, fatty acid 133 90 4040 -3  11.7 60 2160 -3 
MBA 9.90 Body odor, fatty acid 19.2 80 2470 -3  1.81 50 1350 -3 
PTA 19.3 Body odor, fatty acid 30.0 80 4870 -3  1.29 30 389 -3 
HXA 57.7 Body odor, fatty acid 3.52 60 1320 -3  0.928 40 519 -3 
2MPL 3.70 Burnt, “smoky” 3.96 70 2450 -3  0.0248 40 479 -3 
HPA 142 Fatty acid 0.0783 70 1050 -3  0.0343 50 1150 -3 
PL 468 Burnt, phenolic 6.83 50 2200 -2  1.68 40 239 -2 
4MPL 7.95 Barnyard, phenolic 14.6 70 9010 -3  6.99 60 5390 -3 
4EPL - Burnt, phenolic 1.54 50 3340 -3  0.356 40 2840 -3 
2APP - “Taco shell”, phenolic 0.0278 40 5710 -3  0.0028 40 2640 -3 
IND 0.146 Barnyard, medicinal 0.192 50 3590 -3  0.0057 31 1830 -3 
3MHI 2.91 Barnyard, medicinal 0.0185 40 1080 -3  0.0009 30 6920 -3 
[a] ODT = odor detection threshold (from Devos et al., 1990), Conc. = concentration, I = measured odor intensity, and D = odor duration (i.e., from start 
to end of an odor peak in the aromagram (Zhang et al., 2010).  
[b] AA = acetic acid, PPA = propanoic acid, MPA = 2-methyl propanoic acid, BA = butanoic acid, MBA = 3-methyl butanoic acid, PTA = pentanoic 
acid, HXA = hexanoic acid, 2MPL = 2-methoxy phenol, HPA = heptanoic acid, PL = phenol, 4MPL = 4-methyl phenol, 4EPL = 4-ethyl phenol, 
2APP = 1-(2-aminophenyl) phenone, IND = indole, and 3MHI = 3-methyl-1H-indole. 
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not unlike the same odorants being very persistent in certain 
environments with a history of chronic exposure to these 
potent odorants. The exact reason behind this phenomenon is 
not well understood. However, it is thought to be a combina-
tion of the physicochemical properties of VOCs (semi-
VOCs) and the physiology of the human sense of smell. Fig-
ure 3c summarizes the odor peak area (defined as I × D × 
100) (table 1). It is interesting to note that VOCs such as 
butanoic acid, 3-methyl butanoic acid, 2-methoxy phenol, 4-
methyl phenol, 4-ethyl phenol, 1-(2-aminophenyl) phenone, 
indole, and 3-methyl-1H-indole tended to stand out and were 
associated with greater odor peak areas. 
(a)  
(b)  
(c)  
(d)  
(e)  
Figure 3. Average measured concentration (C), odor intensity, odor peak area, hedonic tone, and OAV (mean measured concentration divided
by ODT) for 15 VOCs at four livestock sites in this study obtained by simultaneous chemical and sensory analysis with GC-MS-O with error 
bars: AA =acetic acid, PPA = propanoic acid, MPA = 2-methyl propanoic acid, BA = butanoic acid, MBA = 3-methyl butanoic acid, PTA =
pentanoic acid, HXA = hexanoic acid, 2MPL = 2-methoxy phenol, HPA = heptanoic acid, PL = phenol, 4MPL = 4-methyl phenol, 4EPL = 4-
ethyl phenol, 2APP = 1-(2-aminophenyl) phenone, IND = indole, and 3MHI = 3-methyl-1H-indole. 
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The hedonic tone represents the level of odor pleasant-
ness or unpleasantness. The hedonic tone did not change 
significantly with odorant concentrations. All 15 VOCs 
were unpleasant odorants with negative values of hedonic 
tone. Eleven odorants had hedonic tone values consistently 
lower than -2, i.e., butanoic acid, 3-methyl butanoic acid, 
pentanoic acid, hexanoic acid, 2-methoxy phenol, heptano-
ic acid, 4-methyl phenol, 4-ethyl phenol, 1-(2-
aminophenyl) phenone, indole, and 3-methyl-1H-indole 
(fig. 3d). Not surprisingly, these compounds are associated 
with the gases emitted from manure (Lo et al., 2008). 
Eight VOCs had mean OAVs greater than 1.0 at swine 
operations, i.e., propanoic acid, butanoic acid, 3-methyl 
butanoic acid, pentanoic acid, 2-methoxy phenol, 4-methyl 
phenol, indole, and 3-methyl-1H-indole (fig. 3e). Of these, 
the OAVs associated with butyric acid, 4-methyl phenol, 
and indole stand out. These results are consistent with ear-
lier work on prioritization of livestock odorants for beef 
cattle (Wright et al., 2005) and swine (Koziel et al., 2006; 
Bulliner et al., 2006). Those earlier studies consistently 
identified 4-methyl phenol as the characteristic “signature” 
compound for downwind odor from livestock operations. In 
this study, 4-methyl phenol had the second and third high-
est OAV for the two swine sites. Data in figure 3e can help 
with targeting mitigation of the compounds associated with 
high OAVs. There are no published ODT data for 4-ethyl 
phenol and 1-(2-aminophenyl) phenone, and thus their 
OAVs could not be estimated. The five VOCs with the 
highest OAVs were butanoic acid, 4-methyl phenol, indole, 
3-methyl butanoic acid, and pentanoic acid. The mean 
OAVs for dairy operations were significantly lower than 
for swine facilities (fig. 3e). Only butanoic acid had a mean 
OAV greater than 1. The four VOCs with OAVs greater 
than 0.2 were acetic acid, propanoic acid, 3-methyl buta-
noic acid, and 4-methyl phenol. 
CORRELATIONS BETWEEN ODOR INTENSITIES  
AND CHEMICAL CONCENTRATIONS 
In our previous work (Zhang et al., 2010), we showed that 
the correlations between measured odor intensities and mass 
(concentration) of standard odorants followed the fundamen-
tal Weber-Fechner law. In this study, the same model was 
used instead of standard gases to analyze the air samples. 
Tables 2 and 3 provide the correlations between measured 
odor intensities (I) and VOC concentrations (C). The results 
indicate that the significance of the correlations was different 
between dairy and swine sites. Figure 4 shows the correla-
tions of acetic acid and 4-methyl phenol emitted from four 
sites. The slopes of the correlations associated with swine 
sites were significant for eight VOCs at site IA4B and for 11 
VOCs at site IN3B. The seven common VOCs for both sites 
with p < 0.05 were acetic acid, butanoic acid, 3-methyl buta-
noic acid, 2-methoxy phenol, phenol, 4-methyl phenol, and 
4-ethyl phenol. The slopes of the correlations associated with 
Table 2. Correlations between measured odor intensities (I) and chemical concentrations (C) of typical odorants emitted from dairy sites.[a] 
Odorant[b] 
ODT 
(μg m-3) 
Site WI5B (26 samples) 
 
Site IN5B (26 samples) 
n 
mC 
(μg m-3) mOAV mI m b R2 p n 
mC 
(μg m-3) mOAV mI m b R2 p 
AA 343 26 175 
±220 
0.512 
±0.640 
49 
±14 
4.342 23.590 0.047 0.114  21 49.8 
±24.8 
0.145 
±0.072 
34 
±16 
-1.563 35.983 0.003 0.766 
PPA 104 20 37.9 
±31.6 
0.365 
±0.304 
29 
±14 
-2.152 32.421 0.027 0.421  16 32.5 
±27.2 
0.313 
±0.261 
31 
±14 
-0.067 28.621 0.000 0.976 
MPA 67.8 11 1.98 
±1.91 
0.029 
±0.028 
44 
±8 
-0.637 40.559 0.004 0.813  11 0.894 
±1.38 
0.013 
±0.020 
38 
±14 
-6.097 30.037 0.209 0.100 
BA 13.5 26 14.7 
±11.3 
1.086  
±0.835 
47 
±18 
4.017 32.300 0.067 0.123  22 6.77 
±6.23 
0.501 
±0.461 
35 
±19 
-2.098 35.374 0.019 0.464 
MBA 9.90 26 3.98 
±4.44 
0.402 
±0.448 
52 
±13 
1.430 47.815 0.025 0.355  22 1.67 
±2.37 
0.168 
±0.239 
43 
±18 
-0.652 39.673 0.003 0.782 
PTA 19.3 13 2.79 
±3.48 
0.145 
±0.180 
35 
±18 
-5.122 19.255 0.139 0.023  16 1.40 
±2.70 
0.072 
±0.140 
37 
±20 
-4.742 17.062 0.117 0.047 
HXA 57.7 12 2.67 
±3.44 
0.046 
±0.060 
42 
±19 
-5.957 21.933 0.104 0.055  7 3.11 
±4.65 
0.054 
±0.081 
34 
±20 
-0.042 9.968 0.000 0.984 
2MPL 3.70 8 0.286 
±0.219 
0.077 
±0.059 
45 
±9 
7.736 50.830 0.267 0.104  3 0.074 
±0.46 
0.020 
±0.012 
47 
±6 
-2.184 5.973 0.010 0.702 
HPA 142 6 1.61 
±3.62 
0.011 
±0.026 
38 
±16 
-1.171 9.899 0.138 0.467  10 1.79 
±3.74 
0.013 
±0.026 
27 
±18 
-1.826 7.522 0.070 0.191 
PL 468 9 2.33 
±1.53 
0.005 
±0.003 
30 
±10 
0.930 9.088 0.004 0.697  11 1.29 
±0.924 
0.003 
±0.002 
36 
±17 
16.226 14.208 0.103 0.060 
4MPL 7.95 23 4.03 
±2.86 
0.507 
±0.360 
37 
±20 
2.453 25.991 0.143 0.010  21 5.62 
±5.35 
0.706 
±0.673 
40 
±15 
2.116 33.750 0.032 0.073 
4EPL - 15 0.216 
±0.143 
- 40 
±12 
1.430 26.040 0.012 0.577  18 1.24 
±0.989 
- 33 
±14 
0.540 23.455 0.002 0.803 
2APP - 5 0.009 
±0.013 
- 40 
±7 
-3.580 -1.367 0.189 0.093  6 0.016 
±0.010 
- 33 
±5 
-0.604 10.933 0.004 0.815 
IND 0.146 12 0.012 
±0.010 
0.085 
±0.069 
28 
±11 
-1.229 8.539 0.020 0.507  12 0.023 
±0.030 
0.154 
±0.207 
31 
±10 
4.192 34.782 0.080 0.181 
3MHI 2.91 12 0.002 
±0.002 
0.001 
±0.001 
28 
±9 
-2.900 -1.815 0.168 0.047  5 0.014 
±0.018 
0.005 
±0.006 
32 
±4 
3.872 31.714 0.132 0.116 
[a] n = subset sample number used for mean, mC = mean measured concentrations, mOAV = mean measured concentrations divided by ODT, mI = mean measured odor 
intensity, m = stimulus-dependent constant that represents the slope of the linear function, b = stimulus-dependent constant that represents the y-axis intercept in equation 
1, R2 = coefficient of determination, and p = p-value at the 5% significance level. R2 values in bold type are significant. All data were natural log transformed. 
[b] AA = acetic acid, PPA = propanoic acid, MPA = 2-methyl propanoic acid, BA = butanoic acid, MBA = 3-methyl butanoic acid, PTA = pentanoic acid, HXA = hexanoic 
acid, 2MPL = 2-methoxy phenol, HPA = heptanoic acid, PL = phenol, 4MPL = 4-methyl phenol, 4EPL = 4-ethyl phenol, 2APP = 1-(2-aminophenyl) phenone, IND = in-
dole, and 3MHI = 3-methyl-1H-indole. 
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dairy sites were statistically insignificant (p > 0.05) except 
for pentanoic acid. Tables 2 and 3 also summarize the coeffi-
cients of determination (R2) and p-values. One possible rea-
son for the differences in the statistical significance of the I 
and C correlations (eq. 1) for swine and dairy operations was 
apparently associated with OAV. Measured VOC concentra-
tions at dairy operations were generally lower, resulting in 
low OAV. Resulting OAVs were also associated with the 
greater variability inherent with weak odorants and their de-
tection by the human nose. The mean OAVs for the com-
pounds from swine sites were much larger than those from 
dairy sites (fig. 3e). In addition, perceived odor intensities (I) 
for VOCs associated with dairy sites were generally lower 
(tables 1 and 2). 
Nine swine barn VOCs (table 3) that exhibited relatively 
good correlations (p < 0.05) between measured odor intensi-
ty and chemical concentration and had high OAVs were ace-
tic acid, butanoic acid, 3-methyl butanoic acid,  
2-methoxy phenol, phenol, 4-methyl phenol, 4-ethyl phenol, 
indole, and 3-methyl-1H-indole. The R2 values for these 
compounds ranged from 0.14 to 0.69 and were generally 
lower than those reported by Zhang et al. (2010), who used 
standard gases and slightly higher concentrations. These 
odorous VOCs are priority odorants consistently associated 
with livestock operations. The correlations of dairy VOCs 
were typically insignificant (p > 0.05) with R2 < 0.27. 
CONCLUSIONS 
The following conclusions were drawn from this re-
search: 
• Simultaneous chemical and sensory analyses with 
GC-MS-O of 15 typical VOCs associated with live-
stock odor, including chemical concentration, odor 
character, odor intensity, odor peak area, and hedonic 
tone, is potentially useful for fundamental work on 
linking overall odor with specific compounds in real-
world cases. 
• The odorants associated with swine sites had much 
higher OAVs than the dairy sites odorants. The 
VOCs with the highest OAVs were butanoic acid,  
4-methyl phenol, indole, 3-methyl butanoic acid, and 
pentanoic acid (table 3). Dairy OAVs were signifi-
cantly lower (fig. 3e and table 2). Only one odorant 
(butanoic acid) had a mean OAV greater than 1. The 
top four odorants with OAVs between 0.2 and 1 were 
acetic acid, propanoic acid, 3-methyl butanoic acid, 
and 4-methyl phenol. 
• Odorants with higher OAVs followed the Weber-
Fechner law. Correlations between odor intensity and 
chemical concentration were much better for swine 
sites than for dairy sites. Specifically, swine opera-
tions were associated with the most p-values less than 
 
Table 3. Correlations between measured odor intensities (I) and chemical concentrations (C) of typical odorants emitted from swine sites.[a] 
Odorant[b] 
ODT 
(μg m-3) 
Site IA4B (39 samples) 
 
Site IN3B (26 samples) 
n 
mC 
(μg m-3) mOAV mI m b R2 p n 
mC 
(μg m-3) mOAV mI m b R2 p 
AA 343 36 64.8 
±47.5 
0.189 
±0.139 
39 
±18 
11.606 -7.329 0.305 0.000  26 219 
±240 
0.638 
±0.701 
57 
±17 
10.389 2.651 0.382 0.000 
PPA 104 33 72.6 
±65.4 
0.699 
±0.629 
39 
±16 
2.903 28.369 0.055 0.150  26 372 
±344 
3.588 
±3.307 
48 
±17 
4.998 18.634 0.187 0.008 
MPA 67.8 30 14.6 
±12.5 
0.215 
±0.185 
35 
±20 
2.707 28.795 0.027 0.337  22 57.2 
±42.2 
0.844 
±0.622 
42 
±19 
1.918 33.820 0.032 0.342 
BA 13.5 36 79.4 
±111 
5.881 
±8.197 
62 
±22 
9.750 23.792 0.373 0.000  26 374 
±319 
27.701 
±23.603
74 
±19 
9.321 21.690 0.474 0.000 
MBA 9.90 36 18.6 
±20.7 
1.884 
±2.093 
71 
±17 
5.721 53.171 0.212 0.001  26 52.9 
±42.1 
5.342 
±4.252 
71 
±27 
6.185 46.816 0.157 0.014 
PTA 19.3 30 18.7 
±29.1 
0.970 
±1.508 
33 
±21 
-6.758 72.912 0.004 0.703  23 87.5 
±79.2 
4.533 
±4.102 
53 
±25 
8.622 13.850 0.246 0.002 
HXA 57.7 31 35.5 
±75.4 
0.615 
±1.308 
47 
±23 
0.690 44.852 0.159 0.733  21 19.2 
±16.2 
0.332 
±0.280 
50 
±26 
3.942 26.859 0.044 0.209 
2MPL 3.70 18 0.713 
±0.308 
0.192 
±0.083 
51 
±10 
12.690 55.956 0.558 0.000  15 9.45 
±7.32 
2.541 
±1.979 
68 
±17 
13.045 37.159 0.462 0.000 
HPA 142 15 1.345 
±2.87 
0.010 
±0.020 
44 
±21 
-4.883 34.839 0.166 0.067  15 5.19 
±10.4 
0.037 
±0.073 
49 
±24 
-1.631 21.320 0.019 0.413 
PL 468 20 7.99 
±3.74 
0.017 
±0.008 
42 
±13 
15.421 11.060 0.297 0.009  20 17.5 
±13.4 
0.037 
±0.029 
43 
±23 
9.485 10.096 0.199 0.005 
4MPL 7.95 36 52.0 
±57.7 
6.539 
±7.259 
56 
±22 
7.337 30.292 0.336 0.000  25 107 
±104 
13.481 
±13.005
62 
±23 
6.775 32.780 0.266 0.004 
4EPL - 31 4.50 
±3.69 
- 44 
±21 
4.452 38.069 0.130 0.024  21 7.90 
±8.11 
- 54 
±23 
8.183 31.952 0.282 0.001 
2APP - 24 1.61 
±2.73 
- 44 
±16 
-8.824 38.940 0.687 0.000  20 2.17 
±3.09 
- 48 
±18 
0.863 33.029 0.004 0.702 
IND 0.146 27 1.05 
±0.847 
7.206 
±5.803 
43 
±16 
1.410 43.290 0.025 0.399  24 3.11 
±3.46 
21.299 
±23.705
41 
±23 
4.185 36.927 0.144 0.021 
3MHI 2.91 25 3.25 
±4.10 
1.117 
±1.408 
46 
±18 
2.620 46.229 0.112 0.088  22 4.89 
±7.43 
1.680 
±2.553 
48 
±20 
3.221 40.892 0.182 0.011 
[a] n = subset sample number used for mean, mC = mean measured concentrations, mOAV = mean measured concentrations divided by ODT, mI = mean measured odor 
intensity, m = stimulus-dependent constant that represents the slope of the linear function, b = stimulus-dependent constant that represents the y-axis intercept in equation 
1, R2 = coefficient of determination, p = p-value at the 5% significance level. R2 values in bold type are significant, and bold underlined R2 values are significant and 
greater than 0.5. All data were natural log transformed. 
[b] AA = acetic acid, PPA = propanoic acid, MPA = 2-methyl propanoic acid, BA = butanoic acid, MBA = 3-methyl butanoic acid, PTA = pentanoic acid, HXA = hexanoic 
acid, 2MPL = 2-methoxy phenol, HPA = heptanoic acid, PL = phenol, 4MPL = 4-methyl phenol, 4EPL = 4-ethyl phenol, 2APP = 1-(2-aminophenyl) phenone, IND = in-
dole, and 3MHI = 3-methyl-1H-indole. 
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0.05 and the most R2 values between 0.14 and 0.68, 
as compared with dairy operations where most p-
values were greater than 0.05 and most R2 values 
were less than 0.27. 
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Figure 4. Correlations between odor intensities and chemical concentrations of typical odorants emitted from dairy and swine sites: AA = acetic 
acid and 4MPL = 4-methyl phenol. 
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